Quasiclassical trajectory (QCT) method has been used to investigate stereodynamics information of the reaction O( 1 D)+H2 → OH+H on the DK (Dobbyn and Knowles) potential energy surface (PES) at a collision energy of 23.06 kcal/ mol, with the initial quantum state of reactant H2 being set for v = 0 (vibration quantum number) and j = 0-5 (rotation quantum number). The PDDCSs (polarization dependent differential cross sections) and the distributions of P(θr), P(ør), P(θr, ør) have been presented in this work. The results demonstrate that the products are both forward and backward scattered. As j increases, the backward scattering becomes weaker while the forward scattering becomes slightly stronger. The distribution of P(θr) indicates that the product rotational angular momentum j′ tends to align along the direction perpendicular to the reagent relative velocity vector k, but this kind of product alignment is found to be rather insensitive to j. Furthermore, the distribution of P(ør) indicates that the rotational angular momentum vector of the OH product is preferentially oriented along the positive direction of y-axis, and such product orientation becomes stronger with increasing j.
Introduction
The elementary reaction O( 1 D)+H2 → OH+H has been extensively studied from both theoretical and experimental sides due to its fundamental role in atmospheric and combustion chemistry. Specifically, this reaction is also a prototype for insertion reaction in which the barrierless pathway leads to the formation of a H 2 O complex in the deep molecular well dominating the potential energy surface (PES) as demonstrated with different theoretical methods as well as experimental techniques. On the experimental side, Koppe and co-workers 20 determined the absolute rate constant k = (2.7 ± 0.6) × 10 -10 cm 
+ H2, D2, and HD as well as for other systems have been studied with QM scattering methods 4, 5 and quasiclassical trajectory surface hopping (TSH) method, 3 of which Han and co-workers 18, 21 firstly introduced the benchmark non-adiabatic time-dependent quantum wave packet approach to study non-adiabatic dynamics of chemical reaction. On the theoretical side, Song and Gislason 23 studied the effect of reagent vibration and rotation on the reaction of O+H2 (v = 0, 1, 2; j) using quasiclassical calculations on Johnson-Winter potential energy surface. 24 They found that for the reaction O+H2 (v = 0, j) the reactive cross section Q R increases monotonically with rotation quantum number j. But for v = 1 and 2, QR shows quite different behaviors with respect to j, i.e., near the threshold QR rises from j = 0 to 2, then declines to a minimum at j = 5, and finally rises monotonically to j = 10. Alexander and co-workers 8 calculated the differential cross sections for the reaction O( 1 D)+HD → OH+D with the method of quasi-classical trajectory (QCT) at a collision energy of 0.197 eV (19 kJ/mol) by using the potential energy surface of Schinke and Lester. 2 They discovered a strong dependence of the differential scattering cross section on the product quantum state.
However, most of the previous experimental and theoretical studies for this chemical reaction are focused on its aspect of scalar properties such as integral reaction cross section, differential reaction cross section, rate constant, reaction probability and product rovibrational distributions, etc. In order to understand the title reaction more comprehensively, it is important to study not only its scalar properties, but also vector properties. Only by understanding together the above properties can the fullest picture of the scattering dynamics be obtained. The vectors such as k, k′ (the reagent and products relative velocity vectors) and j′ (the product rotational angular momentum) can give complete depiction of the scattering dynamics. Angular distribution describing relative orientation of these vectors in space may be termed as the k, k′, and j′ distribution. Vector properties, such as velocities and angular momentum, possess not only magnitude that can be directly related to transnational and rotational energies, but also well-defined directions. Undoubtedly, one of the most important things is determining the product rotational alignment and orientation about the reagent relative velocity vector. 25 The dynamical stereochemistry mainly investigates vector properties, such as the angle between reagent and product, product scattering angle distribution, correlation between product angular momentum and relative velocity vectors. With some pioneering studies undertaken by Fano, Herschbach, and co-workers, 26 ,27 the dynamical stereochemistry is becoming an exceedingly attractive field in che- For the lower collision energy, they discovered the angular distribution is backward symmetric and for the higher one (Ecol > 0.1 eV) a slight asymmetry favoring backward peaking appears. The measurement of product polarization as a function of scattering angle has been achieved with the development of photoloc method. [33] [34] [35] [36] [37] Most recently, Li 38 employed the QCT method to study the vector correlations between the product and reagent for the title reaction occurred on the 1A′ DK PES. They found that the OH products are produced mainly in the plane of H-O-H plane. In addition, Chen et al. 39 studied the vector correlation of this reaction on the same PES at collision energy of 19 kcal/mol but with the variation of vibration quantum number v. They concluded that the product alignment and state distribution are sensitive to the vibration quantum number. In turn, Liu et al. 40 calculated the dynamics of the reactions O( The most accurate theoretical calculation of gas-phase bimolecular reaction is through quantum dynamics approach based on scattering theory. After a systematic analysis, Ju et al. 41 proved that for most reactions QCT results are consistent with quantum ones. A good agreement of the QCT results with quantum results for the O( 1 D)+H2 reaction had been found by Li, 38 which enhances the use of quasiclassical trajectory method in this study.
To shed more light on stereodynamics of the title reaction, we report the results of QCT calculation for the reaction O( 1 D)+ H2 → OH+H which are focused on vector correlation properties including the polarization-dependent differential cross sections, product rotational alignment and scattering direction. In this paper, our calculation of the vector correlations between products and reagents for this reaction is performed on the 1A′ DK PES. This potential energy surface is constructed by Dobbyn and Knowles with high level ab initio calculation for the 1 A′ and 2A′. 1 We choose the trajectory initiated with the hydrogen molecule in the v = 0 and j = 0-5 levels, and the collision energy is 23.06 kcal/mol (1 eV). In the calculation, a batch of 50 000 trajectories is run and the integration step is chosen to be 0.1 fs. The present work is organized as follows. Section 2 briefly introduces the stereodynamics calculation method. Section 3 presents the calculation results and underlines the discussions about them. Finally, the conclusion is gathered in Section 4. is the generalized polarization dependent differential cross-sections(PDDCS).
Theoretical Method
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The PDDCSs are written as follow: Two vector correlations (k-j′, k-k′, or k′-j′) can be expanded into a series of Legendre polynomials. [47] [48] The P( r θ ) distribution corresponding to the k-j′ correlation is written as
The 
With a n and b n given by In the work, when ( ) r P φ is expended up to n = 24, the results are converged.
The joint of probability density function of angles r θ and r φ , which define the direction of j′, can be written as
The parameter is evaluated as
During the calculation, ( )
is expanded up to k = 7, which is sufficient for good convergence.
Results and Discussion
PDDCSs can be used to describe the correlation of k-k′-j′ and scattering direction of product molecule. is a simple differential cross section (DCS), which only describes the k-k′ correlation or the scattering direction of the product, and it is not associated with the alignment or orientation of the product rotational angular momentum vector. As can be seen from Fig. 2(a-f) . Generally, the well in the PES can lead to a weak product rotational alignment effect, because it may lead to 'loss' of memory for the angular momentum alignment in that the separation of the products will take various directions in space. Another QCT calculation 48 of PDDCS ( )( ) show the anisotropy of production scattering distribution. Since the values of ( )( )
are relatively very small for all the angles, they can not provide much information about the reaction mechanism. In addition, Fig. 2 clearly shows that the four shapes of calculated PDDCSs are displayed similarly with different j. Thus, it can be drawn the conclusion that PDDCSs are rather insensitive to the rotation quantum number j on this singlet state.
However, there are still very slight differences in the calculated results with different j. The angular distributions of PDDCS are amplified in Fig. 3 . It can be found in Fig. 3(a) , as rotation quantum number j increases, degree of forward scattering increases slightly whereas that of backward scattering decreases slightly. rotation quantum number j rises, there is a contraction in the calculated ( ) r P θ distributions with the peak moving a little upward. Thus, it can be concluded that the product polarization becomes stronger with the increasing of j, but the trend is not so obvious.
Because r φ defines the dihedral angle between the planes consisting of k-k′ and k-j′, the ( ) r P φ distribution correlates to the k-k′-j′ vector correlation and can provide stereodynamical information on both product alignment and orientation. The dihedral angle distributions of ( ) r P φ for the O( 1 D)+H2 → OH+H reaction are presented in Fig. 5 . It expresses the correlation of the product rotation angular momentum vectors and velocity of reagents and products. Clearly, the ( ) r P φ distributions demonstrate a dependent behavior on rotation quantum number j. Despite these noticeable differences associated with j for which we will discuss later, there still exists a common feature for the ( ) product molecule in planes perpendicular to the scattering plane.
Comparing the ( ) r P φ distributions generated on the five different values of j, it can be concluded that the orientation peak of product molecules becomes stronger when rotation quantum number j rises from 0 to 5, because the r φ = 90 o peak and r φ = 270 o peak show an upward trend and reduction trend with the increasing of j. That is, the ( ) r P φ distribution on this singlet state is found to be dependent to the rotation quantum number j and this reaction has a strong preference for the product molecules rotating 'in-plane'.
The variation in the dihedral angular distribution implies the rotation quantum number j plays an important role in dynamical stereochemistry of the reaction O( P φ distributions from both calculations, we found that the product alignment and orientation are more sensitive to initial vibration quantum number v than rotation quantum number j, since the variation of the two distributions with v are found to be more conspicuous in their study than in the present study.
Conclusion
In this work, the reaction O( 1 D)+H2(v = 0, j = 0-5) → OH+H has been theoretically studied using quasiclassical trajectory (QCT) method on the DK potential energy surface at a collision energy of 23.06 kcal/mol. Stereodynamics information was obtained for different initial rotational state of reactant H2. The four normalized PDDCSs have been calculated and the results indicate the reaction mainly shows both forward and backward scattering. With increasing the value of j, the product forward scattering is slightly favored. The distribution of ( ) r P θ indicates that the product is strongly polarized and the distribution of ( ) r P φ shows the rotational angular momentum vector of the OH product is preferentially oriented along the positive direction of y-axis. We have also compared the distributions of ( ) r P θ , ( ) r P φ and ( ) r r P φ θ , of the title reaction for different j. The distribution of ( ) r P φ shows a dependence on j, with the product orientation peaks are being found to become stronger with increasing the value of j. However, the discrepancy between the distributions of ( ) r P θ with different value of j is not so obvious. Comparison with Chen's results has revealed that the product alignment and orientation are more sensitive to v than j in this reaction.
Although these results were obtained only on the 1A′ PES, they still reveal some new aspects about the title reaction. Future accurate calculations and experiments are still needed to unravel the mechanism of this reaction. We hope that this calculation may provide experimentalists with some help when they interpret their experimental data.
